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Abstract
The lack of evidence for low-scale supersymmetry suggests that the scale of su-
persymmetry breaking may be higher than originally anticipated. However, there
remain many motivations for supersymmetry including gauge coupling unification
and a stable dark matter candidate. Models like pure gravity mediation (PGM)
evade LHC searches while still providing a good dark matter candidate and gauge
coupling unification. Here, we study the effects of PGM if the input boundary con-
ditions for soft supersymmetry breaking masses are pushed beyond the unification
scale and higher dimensional operators are included. The added running beyond the
unification scale opens up the parameter space by relaxing the constraints on tanβ.
If higher dimensional operators involving the SU(5) adjoint Higgs are included, the
mass of the heavy gauge bosons of SU(5) can be suppressed leading to proton decay,
p→ pi0e+, that is within reach of future experiments. Higher dimensional operators
involving the supersymmetry breaking field can generate additional contributions
to the A- and B-terms of order m3/2. The threshold effects involving these A- and
B-terms significantly impact the masses of the gauginos and can lead to a bino LSP.
In some regions of parameter space the bino can be degenerate with the wino or
gluino and give an acceptable dark matter relic density.
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1 Introduction
Despite its many motivations, low energy supersymmetry (SUSY) (E < 1 TeV) is yet to
be discovered at the LHC [1] calling into question the scale of supersymmetry breaking.
While it is possible that the discovery of supersymmetry is just around the corner for
the LHC, it is also quite possible that supersymmetry breaking lies at higher or even
much higher energy scales. For example, in models of split supersymmetry [2], scalar
masses may lie beyond the PeV scale. In minimal anomaly mediated supersymmetry
breaking (mAMSB) [3–5], the gravitino is also of order a PeV, while scalar masses are
set independently and may lie somewhere in between the TeV and PeV mass scales [6, 7].
Since gaugino masses are generated at the 1-loop level, their masses are of order 1 TeV.
In pure gravity mediation (PGM) [8–12], a variant of split supersymmetry, scalar masses
are set by the gravitino mass as in models of minimal supergravity [13] and are near the
PeV scale, while gaugino masses are generated by anomaly mediation. In both mAMSB
and PGM, the lightest supersymmetric particle (LSP) is often the wino1. The scale of
supersymmetry breaking can be even higher as in high-scale supersymmetry [14–16]. It
is in fact possible that the scale of supersymmetry breaking lies beyond the inflationary
scale leaving behind only the gravitino with a mass of order 1 EeV [17]. In the most
extreme case, supersymmetry breaking occurs at the string or Planck scale and does not
play a role in low energy phenomenology.
Here, we take a more optimistic view. While some of the supersymmetric spectrum
may be heavy, part of it may remain light and accessible to experiment. In conventional
models of supersymmetry based on supergravity such as the constrained minimal super-
symmetric standard model (CMSSM) [7, 18–22], the soft masses lie below about 10 TeV.
In these models, some form of tuning of its input parameters is required to obtain the
needed mass degeneracies which allow the relic density to fall into the range determined
by CMB experiments [23]. In PGM models, the gauginos remain light. The dark matter
candidate is the wino and the mass degeneracies that set the relic density are enforced by
the SU(2) gauge symmetry.
In all of the models we have been referring to, there are strong relations among the
supersymmetry breaking parameters at some very high energy scale. In the CMSSM,
for example, there is a common universality scale (taken to be the grand unified theory
(GUT) scale, MGUT, often defined as the renormalization scale where the two electroweak
gauge couplings are equal). At this scale, all soft scalar masses are equal to a common
mass m0, the three gaugino masses are set to m1/2, supersymmetry breaking tri-linear
terms are all set to A0. The µ-term and the supersymmetry breaking bilinear, B are
set at the weak scale by the minimization of the Higgs potential, leaving the ratio of
the two Higgs expectation values, tan β as a fourth free parameter. However, there is no
firm reason that the universality scale for supersymmetry breaking must lie at the GUT
scale. That scale may lie below the GUT scale as in subGUT models [19, 20, 22, 24, 25]
or above the GUT scale as in the superGUT models discussed here [21, 26–30]. Both
subGUT and superGUT models necessarily introduce at least one additional parameter
1It is also possible that the LSP is a Higgsino in PGM models [12].
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(over the CMSSM), namely the universality input scale, Min. While superGUT models
also introduce new parameters directly associated with the specific GUT, the additional
running between Min and MGUT offers additional flexibility due to the non-universality of
the supersymmetry breaking parameters at the GUT scale.
While the CMSSM is highly constrained with only 4 parameters, minimal supergravity
(mSUGRA), mAMSB and PGM have even fewer free parameters. In mSUGRA models,
the B-term is fixed at the GUT scale, by B0 = A0−m0, and so tan β must be determined
by the Higgs minimization conditions together with the µ-term [31]. mAMSB models also
have three free parameters which are often chosen to be m0, tan β and the gravitino mass,
m3/2, with the the gaugino masses and A-terms determined from m3/2. In principle, PGM
models have only one free parameter, m3/2. As in the case of mAMSB, gaugino masses
and A-terms are determined from m3/2, m0 = m3/2, B0 = A0 − m0 ≈ −m0, and as in
mSUGRA models, tan β and µ are fixed at the weak scale [9]. However, in most cases, this
one-parameter model is too restrictive and can be relaxed by adding a Giudice-Masiero
term [28, 32–34] which allows one to choose tan β as a second free parameter.
As is well known, one of the prime motivations for supersymmetry is grand unification.
The problem of gauge coupling unification [35] and the gauge hierarchy [36] problems are
both relaxed in supersymmetric models. However in the context of minimal supersym-
metric SU(5) [37], a new problem arises due to proton decay from dimension-5 operators
[38]. In [39], it was argued that low energy supersymmetric models were incompatible
with minimal SU(5). These arguments have been relaxed, however, as the scale of super-
symmetry breaking is pushed past the TeV scale [20, 40–44]. They are further relaxed in
PGM and other models with high scale supersymmetry breaking [44].
Previously, we considered PGM models in the context of minimal SU(5) with super-
symmetry breaking universality input at the GUT scale [44]. To relax the constraint
on tan β (which must be around 2 to achieve radiative electroweak symmetry breaking
(rEWSB)), we introduced some non-universality in the Higgs soft masses. This allowed
for higher tan β, a heavier Higgs mass (with better compatibility with experiment), and
a proton lifetime within reach of on-going and future experiments. In the models consid-
ered, the gravitino mass was of order 100 TeV and as a result, the wino mass was too
small to sustain the needed relic density of dark matter. Here, we consider a superGUT
version of PGM models. The additional running between Min and MGUT, which as noted
earlier, generates some non-universalities among the soft masses at the GUT scale. In
addition, we consider the effects of higher dimension operators which may further affect
the gaugino mass spectrum. The effects of these operators may change the identity of
the lightest gaugino from wino to bino and even a gluino. We find that both wino-bino
co-annihilations [45–47] and bino-gluino co-annihilations [11, 46, 48–51] may play an im-
portant role in determined the cold dark matter density in these models. These higher
dimensional operators affect the masses of the SU(5) particles. In fact, these operators
also allow for a lighter SU(5) gauge boson putting dimension-6 proton decay within reach
of future experiments.
The paper is organized as follows. In the next section, we describe the minimal SU(5)
model, the boundary conditions at the input scale, Min set by PGM, the higher dimension
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operators we consider, and the matching conditions at the GUT scale between SU(5)
parameters and those associated with the Standard Model (SM). In section 3, we discuss
our calculation of the proton lifetime. In section 4, we present results for superGUT PGM
models. Our conclusions are given in section 5.
2 Model
We restrict our attention to a minimal SU(5) superGUT model in the context of PGM
[8–12]. Above the GUT scale, the field content is that of minimal SUSY SU(5) [37],
which is briefly reviewed in Sec. 2.1. In our model, the soft SUSY-breaking parameters
are generated by PGM at a scale Min ≥ MGUT, as in the superGUT models discussed in
Refs. [21, 26–30]. We discuss this framework in Sec. 2.2. Generically speaking, we expect
the theory to contain higher-dimensional effective operators suppressed by the Planck
scale. We consider the possible effects of such operators in Sec. 2.3. We then show the
GUT-scale matching conditions in the presence of these effective operators in Sec. 2.4.
Finally, in Sec. 2.5, we summarize the setup we analyze in the following sections.
2.1 Minimal SUSY SU(5) GUT
The minimal SUSY SU(5) GUT [37] consists of three 5 (Φi) and 10 (Ψi) matter chiral
superfields with i = 1, 2, 3 the generation index, an adjoint GUT Higgs superfield Σ ≡√
2ΣATA with TA (A = 1, . . . , 24) the generators of SU(5), and a pair of the Higgs chiral
superfields in 5 and 5 representations, H and H, respectively. The three generations of the
MSSM matter fields are embedded into Φi and Ψi as in the original Georgi-Glashow model
[52], while the MSSM Higgs chiral superfields Hu and Hd are in H and H accompanied
by the 3 and 3 color Higgs superfields HC and HC , respectively. The renormalizable
superpotential in this model is then given by
W5 = µΣTrΣ
2 +
1
6
λ′TrΣ3 + µHHH + λHΣH
+ (h10)ij αβγδζΨ
αβ
i Ψ
γδ
j H
ζ + (h5)ij Ψ
αβ
i ΦjαHβ , (1)
where the Greek sub- and super-scripts denote SU(5) indices, and αβγδζ is the totally
antisymmetric tensor with 12345 = 1. R-parity is assumed to be conserved in this model.
The adjoint Higgs Σ is assumed to have a vacuum expectation value (VEV) of the
form
〈Σ〉 = V · diag (2, 2, 2,−3,−3) , (2)
with
V =
4µΣ
λ′
. (3)
This VEV breaks the SU(5) GUT group into the SM gauge group, SU(3)C ⊗ SU(2)L ⊗
U(1)Y , while giving masses to the GUT gauge bosons
MX = 5g5V , (4)
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with g5 the SU(5) gauge coupling constant. In addition, we impose the fine-tuning condi-
tion µH − 3λV . O(m3/2) to ensure the doublet-triplet mass splitting in H and H. The
color and weak adjoint components of Σ, the singlet component of Σ, and the color-triplet
Higgs states then acquire masses
MΣ =
5
2
λ′V , MΣ24 =
1
2
λ′V , MHC = 5λV , (5)
respectively.
2.2 SuperGUT Pure Gravity Mediation
In the minimal SUSY SU(5) GUT, the soft SUSY-breaking terms are given by
Lsoft =−
(
m210
)
ij
ψ˜∗i ψ˜j −
(
m25
)
ij
φ˜∗i φ˜j −m2H |H|2 −m2H |H|2 −m2ΣTr
(
Σ†Σ
)
−
[
1
2
M5λ˜
Aλ˜A + A10 (h10)ij αβγδζψ˜
αβ
i ψ˜
γδ
j H
ζ + A5 (h5)ij ψ˜
αβ
i φ˜jαHβ
+BΣµΣTrΣ
2 +
1
6
Aλ′λ
′TrΣ3 +BHµHHH + AλλHΣH + h.c.
]
, (6)
where ψ˜i and φ˜i are the scalar components of Ψi and Φi, respectively, the λ˜
A are the
SU(5) gauginos, and for the scalar components of the Higgs superfields we use the same
symbols as for the corresponding superfields. In this work, we assume that these soft
SUSY-breaking terms in the visible sector are induced at a scale Min > MGUT through
PGM [8–10]. We focus on the minimal PGM content for the moment, and discuss the
case with the Planck-scale suppressed non-renormalizable operators in the subsequent
subsection.
In minimal PGM, the Ka¨hler potential is assumed to be flat, and hence the soft scalar
masses are universal and equal to the gravitino mass m3/2, as in mSUGRA [13, 31]:(
m210
)
ij
=
(
m25
)
ij
≡ m23/2 δij , mH = mH = mΣ ≡ m3/2 . (7)
On the other hand, the gaugino masses and A-terms vanish at tree level—such a situation
is naturally obtained if there is no singlet SUSY breaking field and/or in models with
strong moduli stabilization [28, 53–56]. In this case they are induced by anomaly media-
tion [3] at the quantum level, and are thus suppressed by a loop factor. The contribution
of the one-loop suppressed A-terms to the physical observables is insignificant and thus
we can safely neglect them in the following discussion:
A10 ' A5 ' Aλ ' Aλ′ ' 0 . (8)
For gaugino masses, on the other hand, AMSB generates
M5 =
b5g
2
5
16pi2
m3/2 , (9)
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with b5 = −3 the beta-function coefficient of the SU(5) gauge coupling. Thus, the gauginos
have a universal mass above the GUT scale, which is orders-of-magnitude smaller than
the scalar masses.
In addition to these contributions, in PGM, Giudice-Masiero (GM) terms [9, 10, 28,
29, 32–34] are added to the Ka¨hler potential:
∆K = cΣTr(Σ
2) + cHHH + h.c. (10)
These terms shift the corresponding µ-terms as
µΣ → µΣ + cΣ m3/2 ,
µH → µH + cH m3/2 , (11)
and generate B-terms
BΣ µΣ = −m3/2 µΣ + 2cΣm23/2 ,
BH µH = −m3/2 µH + 2cH m23/2 , (12)
where the first terms correspond to the usual supergravity contribution. We note that
the second terms on the right-hand side of the above equations are smaller than the first
terms by O(m3/2/MGUT). For the contribution to the µ-terms (11), therefore, we can
safely neglect this in the following discussion. As for the B-terms (12), on the other hand,
these terms do play a role in assuring successful electroweak symmetry breaking, as we
will see in Sec. 2.4.
2.3 Planck-scale suppressed higher-dimensional operators
GUT phenomenology has some sensitivity to the Planck-scale suppressed higher-dimensional
operators since the GUT scale is only about two orders of magnitude lower than the Planck
scale. The SUSY spectrum may also be affected by non-renormalizable operators that
consist of both visible and SUSY-breaking sector fields. In this subsection, we discuss the
effect of such operators.
2.3.1 Non-renormalizable operators without SUSY-breaking fields
We first discuss the effect of the Planck-scale suppressed higher-dimensional operators
which do not include SUSY-breaking fields. Here, we mainly consider the dimension-five
operators involving the adjoint Higgs field Σ, as the effect of such operators is suppressed
only by a factor of O(V/MP ).
Among such operators,
W∆geff =
c
MP
Tr [ΣWW ] , (13)
has the most significant effect on our analysis, whereW ≡ TAWA denotes the superfields
corresponding to the field strengths of the SU(5) gauge vector bosons V ≡ VATA and MP
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is the reduced Planck mass. This effective operator affects both gauge coupling [57–59]
and gaugino mass [57, 59, 60] unification, as we see in detail in Section 2.4.
Another class of dimension-five operators that affect gauge coupling unification is
comprised of quartic superpotential terms of the adjoint Higgs fields [61]:
WΣeff =
c4Σ,1
MP
(
TrΣ2
)2
+
c4Σ,2
MP
TrΣ4 . (14)
These operators can split the masses of the SU(3)C and SU(2)L adjoint components in
Σ, MΣ8 and MΣ3 , by O(V 2/MP ). This mass difference induces threshold corrections to
gauge coupling constants of ∼ ln(MΣ3/MΣ8)/(16pi2) 2. This effect can be significant if
|λ′| . |c4Σ,1(2)|V/MP . In the following analysis, however, for simplicity, we assume that
the contribution of these operators is negligibly small.
The operators
WHΣeff =
cHΣ,1
MP
HΣ2H +
cHΣ,2
MP
HH Tr(Σ2) , (15)
are also of dimension-five. These operators shift the masses of the SU(3)C triplet and
SU(2)L doublet components of H and H by ∼ V 2/MP . In order to produce a MSSM
Higgsino mass term of order the SUSY-breaking scale, we need to cancel this contribution
by fine-tuning the parameter µH . Note that this does not introduce an additional fine
tuning as, µH must be tuned in any case to cancel 3λV as noted earlier. Other than this,
these operators provide no significant effect on our analysis.
The adjoint Higgs field may directly couple to the matter fields via non-renormalizable
operators such as
W∆heff =
cij∆h,1
MP
ΦiαΣ
α
βΨ
βγ
j Hγ +
cij∆h,2
MP
Ψαβi ΦjαΣ
γ
βHγ
+
cij∆h,3
MP
αβγδζΨ
αβ
i Ψ
γξ
j Σ
δ
ξH
ζ +
cij∆h,4
MP
αβγδζΨ
αβ
i Ψ
γδ
j Σ
ζ
ξH
ξ . (16)
After Σ develops a VEV, these operators lead to Yukawa interactions. Among these
operators, the first one has a significant implication for the prediction of the model, since
it modifies the unification of the down-type quark and charged-lepton Yukawa couplings,
which should be exact at the GUT scale in minimal SU(5). On the other hand, it is known
that in most of the parameter space in the MSSM, Yukawa unification is imperfect. For
the third generation, the deviation is typically at the O(10)% level, while for the first two
generations, there are O(1) differences. These less successful predictions can be explained
if the first term in Eq. (16) is included [61, 62]. The change in the Yukawa couplings
due to this operator is O(V/MP ) ∼ 10−2. Therefore, if the value of the third generation
Yukawa coupling at the GUT scale is ∼ 10−1, this contribution gives rise to an O(10)%
correction. For the first and second generation Yukawa couplings, this correction can be
2In general, this correction can lead to an enhanced color Higgs mass and so lengthens the dimension-5
mediated proton lifetime. Since we are considering PGM, dimension-5 mediated proton decay is drasti-
cally suppressed making this correction less important.
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as large as the values of the Yukawa couplings themselves since their values are (much)
smaller than 10−2. As we do not discuss Yukawa coupling unification in this paper, we
do not consider the operators in Eq. (16) in what follows.
We may also have Ka¨hler-type operators of the form
∆KFΣeff =
cFΣ
MP
F ∗ΣF , (17)
where F collectively stands for the fields in this model, F = Ψ,Φ, H,H,Σ. These terms
modify the wave functions of the components in the field F below the GUT scale. This
correction is insignificant for our analysis, and thus we neglect them in the following
discussions.
There are lepton-number violating operators of the form
W /Leff =
cij/L
MP
ΦiαΦjβH
αHβ . (18)
These dimension-five operators give rise to Majorana masses for left-handed neutrinos
at low energies, whose size is at most O(10−5) eV. This is much smaller than
√
m231
and
√
m221 (m
2
31 and m
2
21 are the squared-mass differences of active neutrinos) observed
in neutrino oscillation experiments, and therefore we need an extra source for neutrino
mass generation. This can be provided by right-handed neutrinos, which are singlets
under SU(5), as was considered for the superGUT CMSSM in [30]. The presence of these
additional singlet fields, as well as the operators in Eq. (18), does not affect the discussion
below.
Finally, we may write down the dimension-five baryon- and lepton-number violating
operator,
W /B/Leff =
cijkl/B/L
MP
αβγδζΨ
αβ
i Ψ
γδ
j Ψ
ζξ
k Φlξ . (19)
This operator yields the interactions of the form QQQL and U¯D¯U¯E¯, which induce proton
decay such as p → K+ν¯. If the coefficient of the operator (19) is O(1), the presence of
such an operator could be disastrous; as shown in Ref. [63], in this case the proton
lifetime is predicted to be much shorter than the experimental bound even when the
SUSY-breaking scale is as high as ∼ 1 PeV. This conclusion, however, strongly depends
on the flavor structure of the coefficient cijkl/B/L . For example, we may expect there is a flavor
symmetry at high energies that accounts for small Yukawa couplings, as in the Froggatt-
Nielsen model [64]. In this case, the couplings cijkl/B/L are strongly suppressed for the first
two generations, and the resultant proton decay rate can be small enough to evade the
experimental bound. In this work, we assume that the coefficients of the operator (19) are
sufficiently suppressed so that the proton decay rate induced by this operator is negligibly
small.
2.3.2 Non-renormalizable operators with SUSY-breaking fields
Next, we discuss non-renormalizable interactions that directly couple the visible-sector
fields to hidden-sector fields. The presence of such interactions can modify the SUSY
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spectrum predicted in PGM. As we have seen in Sec. 2.2, in PGM, gaugino masses are
induced by quantum effects and thus suppressed by a loop factor compared with the
gravitino mass m3/2, which is the order parameter of SUSY breaking. Thus, gaugino
masses are more sensitive to the effects of higher dimensional operators than scalar masses.
Indeed, in Sec. 2.4 we will see that if such higher-dimensional operators generate A- and/or
B-terms in the Higgs sector, they can significantly modify the gaugino mass spectrum
through threshold corrections. To see this effect, we focus on the Planck-scale suppressed
operators that contain both the Higgs (Σ, H,H) and hidden-sector fields.
Again, we focus on the dimension-five effective operators. For the Ka¨hler-type inter-
actions, we have
∆KZeff =
1√
3MP
[
κΣZ|Σ|2 + κHZ|H|2 + κH¯Z|H|2 + κ′ΣZ∗Tr(Σ2) + κ′HZ∗HH + h.c.
]
,
(20)
where Z stands for the SUSY-breaking field in the hidden sector. As for the superpoten-
tial operators, in principle, renormalizable interactions such as ZTr(Σ2) and ZHH are
allowed, but here we just assume that the Higgs fields are sequestered from the SUSY-
breaking field so that there is no coupling at the renormalizable level. In this case, the
dominant contribution comes from the dimension-five operators:
∆WZeff =
1√
3MP
[
ωλZHΣH +
1
6
ωλ′ZTrΣ
3 + ωΣZ
2TrΣ2 + ωHZ
2HH
]
. (21)
Once the SUSY-breaking field Z develops an F -term, FZ , the fourth and fifth terms
in Eq. (20) shift the µ-terms as
µΣ → µΣ + κ′Σm∗3/2 , µH → µH + κ′Hm∗3/2 , (22)
where we have used
m3/2 =
FZ√
3MP
. (23)
As was the case for the GM terms, these corrections are smaller than the tree-level terms
by a factor of O(m3/2/MGUT), and thus can safely be neglected. The above operators also
yield soft SUSY-breaking terms. A straightforward calculation leads to
∆Aλ = (κΣ + κH + κH¯ + ωλ)m3/2 , ∆Aλ′ = (3κΣ + ωλ′)m3/2 ,
∆A10 = κHm3/2 , ∆A5 = κH¯m3/2 ,
∆BH = (κH + κH¯)m3/2 , ∆BΣ = 2κΣm3/2 ,
∆m2H = |κH |2|m3/2|2 , ∆m2H¯ = |κH¯ |2|m3/2|2 , ∆m2Σ = |κΣ|2|m3/2|2 . (24)
Notice that the last two terms in Eq. (21) do not generate soft SUSY-breaking terms.3
Hence, we can neglect these operators in what follows. We also note that if κH , κH¯ 6= 0, A-
terms for matter fields are generated even though there is no direct coupling between the
3Here, we have assumed that the VEV of the lowest component of the SUSY-breaking field is negligibly
small: |〈Z〉| MGUT.
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matter fields and the SUSY-breaking field. Since A-terms are induced only via quantum
corrections in minimal PGM, the corrections in Eq. (24) can be the dominant contribution
in this formulation.
When we write down the operators in Eqs. (20) and (21), we have assumed that the
field Z is a singlet field. In this case, Z can in principle appear in the gauge kinetic function
to generate a gaugino mass at tree level, which may dominate the AMSB contribution (9).
In the present work, we instead assume that the Lagrangian is (approximately) invariant
under the shift symmetry4
Z → Z + iζ , (25)
with ζ real. This can be realized if
κ′Σ = κ
′
H = ωλ = ωλ′ = ωΣ = ωH = 0 , (26)
and κΣ, κH , and κH¯ are real. In this case, Z cannot couple to the gauge kinetic function
and thus the dominant contribution to the gaugino mass term is given by AMSB as in
Eq. (9). All of the superpotential terms (21) are forbidden by the shift symmetry, i.e.,
∆WZeff = 0, while the Ka¨hler potential in Eq. (20) reduces to
∆KZeff =
Z + Z∗√
3MP
[
κΣ|Σ|2 + κH |H|2 + κH¯ |H|2
]
. (27)
We focus on this case unless otherwise noted.
2.4 GUT-scale matching conditions
In this subsection, we summarize the matching conditions at the unification scale MGUT,
where the SU(5) GUT parameters are matched onto the MSSM parameters.
Let us begin with the matching conditions for the gauge coupling constants. At one-
loop level in the DR renormalization scheme [67], we have
1
g21(Q)
=
1
g25(Q)
+
1
8pi2
[
2
5
ln
Q
MHC
− 10 ln Q
MX
]
+
8cV
MP
(−1) , (28)
1
g22(Q)
=
1
g25(Q)
+
1
8pi2
[
2 ln
Q
MΣ
− 6 ln Q
MX
]
+
8cV
MP
(−3) , (29)
1
g23(Q)
=
1
g25(Q)
+
1
8pi2
[
ln
Q
MHC
+ 3 ln
Q
MΣ
− 4 ln Q
MX
]
+
8cV
MP
(2) , (30)
where g1, g2, and g3 are the U(1)Y , SU(2)L, and SU(3)C gauge couplings, respectively, and
Q ' MGUT is a renormalization scale. The last terms are induced by the dimension-five
4If the shift symmetry is exact, the imaginary component of Z becomes massless. This direction
can be stabilized by simply adding a shift-symmetry-violating mass term or by exploiting strong moduli
stabilization as was done in Ref. [65], with a UV completion discussed in Ref. [66].
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operator in Eq. (13). From these equations, we find
3
g22(Q)
− 2
g23(Q)
− 1
g21(Q)
= − 3
10pi2
ln
(
Q
MHC
)
− 96cV
MP
, (31)
5
g21(Q)
− 3
g22(Q)
− 2
g23(Q)
= − 3
2pi2
ln
(
Q3
M2XMΣ
)
, (32)
5
g21(Q)
+
3
g22(Q)
− 2
g23(Q)
= − 15
2pi2
ln
(
Q
MX
)
+
6
g25(Q)
− 144cV
MP
. (33)
Notice that the contribution of the operator (13) to the right-hand side in Eq. (32) van-
ishes; we can therefore unambiguously determine the combination M2XMΣ via (32) by
running the gauge couplings up from their low-energy values [68–70]. On the other hand,
the operator (13) does affect the determination of MHC through Eq. (31). Indeed, we can
use this degree of freedom to regard MHC (or, λ and λ
′) as a free parameter, as was done
in Refs. [21, 29].
For the Yukawa couplings, we use the tree-level matching conditions. As we mentioned
in Sec. 2.3.1, the higher-dimensional operators in (16) affect the matching conditions,
introducing a theoretical uncertainty. Without any rationale for evaluating the size of
this effect, in this paper, we simply use
h10,3 =
1
4
fu3 , h5,3 =
fd3 + fe3√
2
, (34)
for the third generation Yukawa couplings, where h10,i, h5,i, fui , fdi , and fei are eigenvalues
of h10, h5, the up-type Yukawa couplings, the down-type Yukawa couplings, and the
charged lepton Yukawa couplings, respectively. This condition is the same as that used
in Ref. [27]. For the first and second generation Yukawa couplings, on the other hand, we
use
h10,i =
1
4
fui , h5,i =
√
2fdi , (35)
as in Ref. [21], though the replacement of fdi by fei or (fdi + fei)/2 barely changes our
result since these values are very small.
Next we list the matching conditions for the soft SUSY-breaking terms. For the
gaugino masses [59, 71], we have5
M1 =
g21
g25
M5 − g
2
1
16pi2
[
10M5 − 10(Aλ′ −BΣ)− 2
5
BH
]
− 4cg
2
1V (Aλ′ −BΣ)
MP
, (36)
M2 =
g22
g25
M5 − g
2
2
16pi2
[6M5 − 6Aλ′ + 4BΣ]− 12cg
2
2V (Aλ′ −BΣ)
MP
, (37)
M3 =
g23
g25
M5 − g
2
3
16pi2
[4M5 − 4Aλ′ +BΣ −BH ] + 8cg
2
3V (Aλ′ −BΣ)
MP
. (38)
5Notice that we flip the sign of A- and B-terms from those used in Refs. [59, 71] to match the formulae
with our sign convention.
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It is instructive to investigate these equations for the case of PGM without the higher-
dimensional operators (c = κΣ = κH = κH¯ = 0). By substituting Eqs. (8), (9), and (12)
into the above equations (with cΣ = cH = 0), at the leading order, we obtain
M1 ' g
2
1
16pi2
(
b5 + 10− 2
5
)
m3/2 =
g21
16pi2
33
5
m3/2 ,
M2 ' g
2
2
16pi2
(b5 + 4)m3/2 =
g22
16pi2
m3/2 ,
M3 ' g
2
3
16pi2
b5m3/2 = −3 g
2
3
16pi2
m3/2 , (39)
which reproduces the gaugino mass spectrum in the MSSM with AMSB [3]. This demon-
strates the well known feature of AMSB, namely, that the contribution of heavy fields
completely decouples at their mass threshold so that the AMSB mass spectrum is unam-
biguously determined in low-energy effective theories. However, if there exist extra sources
for soft masses of O(m3/2), such as those mediated by the Planck-scale suppressed oper-
ators discussed in Sec. 2.3.2, the gaugino masses can be modified by an O(1) factor and
thus the resultant gaugino mass spectrum can be changed significantly.
The soft masses of the MSSM matter fields, as well as the A-terms of the third gen-
eration sfermions, are obtained via the tree-level matching conditions:
m2Q = m
2
U = m
2
E = m
2
10 , m
2
D = m
2
L = m
2
5 ,
m2Hu = m
2
H , m
2
Hd
= m2
H
,
At = A10 , Ab = Aτ = A5 . (40)
The µ and B-term matching conditions require fine-tuning such that the low-energy
values of these parameters are O(m3/2). The matching conditions are [72]
µ = µH − 3λV
[
1 +
Aλ′ −BΣ
2µΣ
]
, (41)
B = BH +
3λV∆
µ
+
6λ
λ′µ
[
(Aλ′ −BΣ)(2BΣ − Aλ′ + ∆)−m2Σ
]
, (42)
with
∆ ≡ Aλ′ −BΣ − Aλ +BH . (43)
As one can see, in order for the left-hand sides of Eqs. (41) and (42) to be O(m3/2),
|µH − 3λV | and |∆| should be . O(m3/2) and O(m23/2/MGUT), respectively. We accept
this fine-tuning in this model.
Note that the condition ∆ = 0 is invariant under the renormalization-group flow
[73]. Therefore, we can discuss the implications of this condition for the input soft SUSY-
breaking parameters without suffering from the uncertainty due to renormalization effects.
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By substituting Eqs. (12) and (24) into ∆, we obtain its value at the input scale 6:
∆ = (ωλ′ − ωλ) m3/2 +
(
2cH
µH
− 2cΣ
µΣ
)
m23/2 . (44)
This result indicates that we need an O(m3/2/MGUT) fine-tuning in ωλ − ωλ′ if they
are both of O(1). This fine-tuning can, however, be evaded if we consider a setup as
in Sec. 2.3.2, where ωλ = ωλ′ = 0 is assured. On the other hand, the second term is of
O(m23/2/MGUT), and thus even if this term is present the low-energy B-parameter remains
O(m3/2), shifted by
∆B =
3λV
µ
(
2cH
µH
− 2cΣ
µΣ
)
m23/2 = 2
(
cH − 12λcΣ
λ′
)
m23/2
µ
. (45)
We will exploit this shift to realize electroweak symmetry breaking and the matching
condition in Eq. (42).
The µ and B parameters at low energies are subject to the electroweak vacuum con-
ditions,
µ2 =
m21 −m22 tan2 β + 12m2Z(1− tan2 β) + ∆(1)µ
tan2 β − 1 + ∆(2)µ
, (46)
Bµ = −1
2
(m21 +m
2
2 + 2µ
2) sin 2β + ∆B , (47)
where ∆B and ∆
(1,2)
µ denote loop corrections [74]. The GUT-scale values of these param-
eters are obtained using renormalization group equations from these values with some
iterations. To satisfy the condition (42) with the B-parameters in minimal SU(5) at the
unification scale, and which are obtained from given input values via renormalization
group equations, we utilize the Giudice-Masiero contribution to the B-parameter shown
in Eq. (45), as in Ref. [29]. With the extra free parameters, cΣ and cH , we can always
satisfy the matching condition (42).
2.5 Summary
In summary, we consider the minimal SU(5) GUT with PGM where the input scale Min
for soft SUSY-breaking parameters is taken to be higher than the unification scale MGUT.
We also introduce GM terms (10), the Planck-scale suppressed correction to the gauge
6In CMSSM-like models such as those considered in [21], there is no high scale boundary condition
for the bilinear terms at Min. Therefore, Eq. (42) can be used with ∆ = 0 to determine BH and BΣ at
Min. However in a no-scale supergravity model such as that discussed in [29] or mSUGRA-like models
including PGM, the boundary conditions are B0 = A0 −m3/2 ' −m3/2 at Min and a non-zero value for
∆ is required to satisfy (42). This can be achieved using either a GM term as in Eq. (12) or through
the dimension 5 operator dependent on ωλ and ω
′
λ. Note that the GM term in Eq. (12) carries a factor
of two relative to that used in [29] which stems from the difference between using twisted matter fields
here, relative to untwisted fields in the no-scale construction [10].
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kinetic term (13), and the Ka¨hler-type non-renormalizable interactions (27), neglecting
the other dimension-five operators. The soft mass parameters at the input scale Min are
then given by (
m210
)
ij
=
(
m25
)
ij
= |m3/2|2 δij , m2Σ = (1 + |κΣ|2)|m3/2|2 ,
m2H = (1 + |κH |2)|m3/2|2 , m2H = (1 + |κH¯ |2)|m3/2|2 ,
Aλ = (κΣ + κH + κH¯)m3/2 , Aλ′ = 3κΣ m3/2 ,
A10 = κH m3/2 , A5 = κH¯ m3/2 ,
BH = (κH + κH¯ − 1)m3/2 , BΣ = (2κΣ − 1)m3/2 ,
M5 =
b5g
2
5
16pi2
m3/2 . (48)
The µ and B parameters at the electroweak scale are determined for a given tan β and
sign(µ) according to Eqs. (46) and (47); the values of these parameters at the unification
scale are set by Eqs. (41) and (42), by fine-tuning µH and a linear combination of cH and
cΣ. Our minimal superGUT PGM model is therefore specified with the following set of
input parameters:
m3/2, Min, λ, λ
′, tan β, sign(µ), κΣ, κH , κH¯ , (49)
where λ and λ′ are given at the unification scale while κΣ, κH , κH¯ are specified at the input
scale Min. The coefficient of the operator (13), c, as well as the unified coupling, g5, and
the adjoint Higgs VEV, V , are determined using Eqs. (31–33) as was done in Refs. [21, 29].
In the following analysis, however, we also consider the case where c = 0; in this case,
λ′ becomes a dependent parameter and is determined by the conditions (31–33). Our
calculations require that we choose a value of Q to evaluate the gauge couplings and
implement the matching conditions. We have chosen log10(Q/1 GeV) = 16.3 throughout
this work, and our results are relatively insensitive to this choice (so long as it is near 1016
GeV).
3 Proton decay
In the minimal SUSY GUT, the baryon- and lepton-number violating dimension-five op-
erators are generated by the exchange of the color-triplet Higgs fields HC and HC . Such
operators are potentially quite dangerous due to their low dimensionality, since they may
induce rapid proton decay. In fact, it was argued in Ref. [39] based on the calculation of
Ref. [75] that if stops lie around the TeV scale, the proton decay lifetime induced by the
color-triplet Higgs exchange is too short to evade the experimental limit. This problem
is, however, evaded if the SUSY scale is much higher than the TeV scale [20, 40–44], as
in PGM models. Indeed, it is shown in Ref. [44] that in minimal SU(5) with PGM, the
lifetime of the p → K+ν¯ mode is much longer than the current experimental bound for
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m3/2 & 100 TeV. It is found that this is also true for the present model and thus we can
safely neglect dimension-five proton decay.
When dimension-five proton decay is suppressed, dimension-six proton decay induced
by the exchange of GUT gauge bosons becomes dominant. The primary decay channel
is p → pi0e+ and its rate goes as ∝ M−4X . Intriguingly, in the models considered, MX
can be predicted to be lower than the typical GUT scale for TeV-scale SUSY models,
' 2 × 1016 GeV, which then results in a shorter proton decay lifetime. As discussed
in Ref. [70], the combination (M2XMΣ)
1/3, scales as (M3M2)
−1/9. Hence, MX tends to
decrease when m3/2 is large.
7 In addition, as we discuss below, since MΣ ∼ λ′V a small
value for MX can also be obtained when λ
′ is O(1). Motivated by these observations, we
study the lifetime of the p → pi0e+ decay channel predicted in our model in this paper.
We review the calculation of the dimension-six proton decay in this section, and show our
numerical results in the subsequent section.
As we mentioned above, dimension-six proton decay is induced by SU(5) gauge inter-
actions. The relevant Lagrangian terms are
Lint = g5√
2
[
−dcRi /XLi + e−iϕiQi /XucRi + ecRi /X(V †CKM)ijQj + h.c.
]
, (50)
where X stands for the SU(5) massive gauge fields, VCKM denotes the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, ϕi are the GUT phase factors [76], and we have suppressed the
SU(3)C and SU(2)L indices just for simplicity (see, e.g., Ref. [77] for a more explicit
expression). We integrate out the X bosons at tree level to obtain the dimension-six
effective operators, and evolve their Wilson coefficients from the unification scale to the
hadronic scale according to renormalization group equations in each effective theory. By
using these effective operators, we can then calculate the partial decay width of the
p→ pi0e+ mode. The result is
Γ(p→ pi0e+) = mp
32pi
(
1− m
2
pi
m2p
)2[|AL(p→ pi0e+)|2 + |AR(p→ pi0e+)|2] , (51)
where mp and mpi denote the proton and pion masses, respectively. The amplitudes AL/R
are given by
AL(p→ pi0e+) = − g
2
5
M2X
· A1 · 〈pi0|(ud)RuL|p〉 ,
AR(p→ pi0e+) = − g
2
5
M2X
(1 + |Vud|2) · A2 · 〈pi0|(ud)RuL|p〉 , (52)
where Vud ≡ (VCKM)12 and 〈pi0|(ud)RuL|p〉 is the hadron matrix element, for which we use
the result obtained by a lattice QCD simulation [78]:
〈pi0|(ud)RuL|p〉 = −0.131(4)(13) GeV2 . (53)
7This tendency was also found in Ref. [44].
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A1 and A2 are the renormalization factors for the effective operators. They are given by
A1 = AL ·
[
α3(MSUSY)
α3(MGUT)
] 4
9
[
α2(MSUSY)
α2(MGUT)
]− 3
2
[
α1(MSUSY)
α1(MGUT)
]− 1
18
×
[
α3(mZ)
α3(MSUSY)
] 2
7
[
α2(mZ)
α2(MSUSY)
] 27
38
[
α1(mZ)
α1(MSUSY)
]− 11
82
,
A2 = AL ·
[
α3(MSUSY)
α3(MGUT)
] 4
9
[
α2(MSUSY)
α2(MGUT)
]− 3
2
[
α1(MSUSY)
α1(MGUT)
]− 23
198
×
[
α3(mZ)
α3(MSUSY)
] 2
7
[
α2(mZ)
α2(MSUSY)
] 27
38
[
α1(mZ)
α1(MSUSY)
]− 23
82
, (54)
where MSUSY indicates the SUSY-breaking scale, and AL ' 1.247 is the QCD renor-
malization factor that is computed using the two-loop renormalization group equation
[79]. The other renormalization factors are obtained at the one-loop level by using the
renormalization group equations given in Refs. [80, 81].8
Note that in contrast to dimension-five decay modes, the partial decay width Γ(p →
pi0e+) does not depend on the GUT phases ϕi (see, e.g., Ref. [21]). In addition, g5 and
MX , which appear in the amplitudes, can also be evaluated by using the threshold cor-
rections (31–33) as we discussed in the previous section. For these reasons, the evaluation
of the dimension-six proton decay rate is rather robust and suffers less from unknown
uncertainties.
4 Results
We now show our numerical results for the study of the superGUT PGM model. In
Sec. 4.1, we first discuss the case without any of the higher-dimensional operators. Then,
in Sec. 4.2, we consider models which include the operator (13) (c 6= 0) but without the
Ka¨hler-type operators (27). Finally, in Sec. 4.3, we analyze the model with all of the
higher-dimensional operators we consider in this paper.
4.1 Models without higher-dimensional operators
We begin with the case with c = κΣ = κH = κH¯ = 0. As we mentioned in Sec. 2.5, in this
case, λ′ is not an independent parameter, but rather is fixed by the matching conditions
(31–33). Therefore, each parameter point is specified by m3/2, Min, λ, tan β, and sign(µ).
To maximize the effect of the renormalization group evolution above MGUT, we set
Min = 10
18 GeV and choose µ < 0 so as to maximize the wino mass for the low values
8Above the SUSY-breaking scale, the two-loop renormalization group equations are also available
[82]. Moreover, the one-loop threshold corrections at the GUT scale are computed in Ref. [83]. These
corrections are found to be fairly small, so we neglect them in our calculation.
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of tan β we are considering9. In Fig. 1a, we plot the predicted value of the SM-like Higgs
mass mh as a function of the coupling λ for several values of tan β. In order to obtain
rEWSB, PGM models are generally restricted to low values of tan β [9]. In addition,
unless tan β is near its lower limit of ∼ 2, the value of λ must be relatively large (of order
1). In the Figure, for the three larger values of tan β, there is a lower limit to λ which
allows rEWSB. Very high values of λ are also excluded as eventually the running value of
λ becomes non-perturbative as it runs from MGUT to Min. This effect cuts off the curves
as λ(MGUT) approaches 1. As we see, mh ' 125 GeV is best obtained for tan β ≈ 2.4.
Given that the Higgs-mass calculation suffers from the uncertainty of a few GeV,10 we
conclude that the observed value of mh can be reproduced for tan β ' 2–3. A similar
pattern is seen in Fig. 1c which shows the Higgs mass for fixed tan β = 2.4 for several
values of m3/2 between 250–1000 TeV.
Since we do not include the higher-dimensional operators here, the gaugino masses are
given by the AMSB spectrum (plus loop corrections), and thus the LSP is wino-like. It
is known that the thermal relic abundance of the wino-like LSP agrees with the observed
dark matter density ΩDMh
2 ' 0.12 [23] if its mass is ' 3 TeV [85]. From Eq. (39), we
find that a 3-TeV wino mass can be obtained for m3/2 ' 103 TeV, and thus we expect
that the correct DM density can be reproduced with this gravitino mass. In Fig. 1b, we
show the thermal relic abundance of the LSP as a function of λ with the same choice
of parameters used in Fig. 1a. It is in fact found that ΩLSPh
2 ' 0.12 can be obtained,
again for an λ ∼ O(1) and a small value of tan β. While lowering m3/2 to 500 TeV would
still allow for a Higgs mass of 125 GeV (albeit with a slightly lower value of λ), the relic
density would drop to ΩLSPh
2 < 0.05 due to the decrease in the wino mass. We clearly
see the dependence of ΩLSPh
2 on m3/2 in Fig. 1d where tan β = 2.4.
In Fig. 2, we show two examples of λ-m3/2 plane for tan β = 2.4 (upper panel), and
tan β = 3 (lower panel) and in both cases Min = 10
18 GeV, and µ < 0. The solid red and
dotted black curves show the Higgs mass mh and λ
′, respectively. Recall that with c = 0,
λ′ is not a free parameter and is determined by the matching conditions. As one can see,
when tan β = 2.4 over much of the plane, λ′ takes values between 10−4 and 10−3 with
slightly more variation when tan β = 3. The blue shaded region corresponds to the areas
where the LSP abundance agrees with the observed DM density, ΩDMh
2 ' 0.1200±0.0036
(3σ) [23]. In the magenta region, rEWSB can not be obtained, while in the brown region
λ becomes non-perturbative at the input scale (recall that the value used in the figure is
λ(MGUT)). This figure shows that we can obtain the correct value of the SM-like Higgs
boson mass and the DM abundance simultaneously for m3/2 ∼ 1 PeV and λ = O(1),
which remains perturbative up to the input scale when tan β ≈ 2.4. As one can see, in
the lower panel when tan β = 3 the Higgs mass increases significantly. However, some
of the dark matter strip may be viable considering the uncertainty in the Higgs mass
calculation. In addition, in this case, the allowed range in λ is limited by the requirement
9We include supersymmetric one loop corrections to the anomaly mediated masses [84] which appear
as significant threshold corrections when the heavy Higgses are integrated out [4]. These are dependent
on the sign of µ.
10See Ref. [7] for a recent discussion on the uncertainty in the Higgs mass calculation.
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Figure 1: (a,c) The Higgs mass mh and (b,d) the LSP density ΩLSPh
2 as functions of the
coupling λ with m3/2 = 10
3 TeV for several values of tan β (a,b) or fixed tan β = 2.4 for
several values of m3/2 (c,d). We set Min = 10
18 GeV, and µ < 0.
of rEWSB.
The relatively large region of parameter space with mh ∼ 125 GeV and ΩLSPh2 ∼ 0.12
is achieved with a high supersymmetry breaking input scale, Min = 10
18 GeV. Much of
this space disappears as Min approaches the GUT scale. For example, when Min is lowered
to 1016.5 GeV. the relic density strip remains near m3/2 ∼ 1 PeV since that is required to
obtain a wino with mass ∼ 3 TeV. However, the Higgs mass contours are pushed to lower
values of m3/2 and more importantly the region with viable rEWSB is also pushed to lower
m3/2 so that obtaining the correct Higgs mass and relic density is no longer possible.
Because λ′ turns out to be small in this class of models with c = 0, MX tends to be
quite large. Note that by using Eqs. (4) and (5) we can express the mass of the SU(5)
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Figure 2: Examples of the λ-m3/2 plane for Min = 10
18 GeV, and µ < 0. In the upper
panel, tan β = 2.4 and in the lower panel, tan β = 3, The solid red and dotted black
curves show the Higgs mass mh and λ
′, respectively. The blue shaded region corresponds
to the areas where the LSP abundance agrees with the observed dark matter density. In
the magenta region, rEWSB can not be obtained, while in the brown region λ becomes
non-perturbative at the input scale.
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gauge bosons as
MX =
(
2g5
λ′
) 1
3 (
M2XMΣ
) 1
3 . (55)
The factor (M2XMΣ)
1
3 can be evaluated by using Eq. (32), which is found to have a very
small dependence on the choice of parameters (see, e.g., Ref. [44]). As a result, when
λ′ is very small, the proton decay lifetime becomes very long. We find that over the
parameter space considered in the above figures the predicted value of the lifetime of the
p → pi0e+ decay channel is well above the current experimental bound, τ(p → pi0e+) >
1.6× 1034 years [86].
In summary, we find that despite the limited number of degrees of freedom, there is
a parameter set with which both the Higgs mass and the dark matter relic abundance
can be explained and the predicted value of proton lifetime is consistent with the exper-
imental bound. The LSP is a wino-like neutralino as in AMSB models. In the following
subsections, we consider the cases with the Planck-scale suppressed non-renormalizable
operators and discuss their phenomenological consequences.
4.2 Models with Superpotential non-renormalizable interactions
Next, we discuss the case with c 6= 0, keeping κΣ = κH = κH¯ = 0. In this case, we can
regard λ′ as a free parameter, with c determined through the matching conditions (31–33).
A non-zero value of c has two important phenomenological consequences. First, since λ′
is a free parameter, we can take it to be significantly larger than the values displayed in
Fig. 2 where c = 0. As can be seen from Eq. (55), a large λ′ results in a small MX , which
increases the proton decay rate, making proton decay potentially observable. Second, a
non-zero value of c modifies the gaugino masses through the matching conditions (36–38),
which significantly affects the thermal relic abundance of the LSP. We will examine both
of these effects in this subsection.
First, in Fig. 3a, we plot the Higgs mass mh as a function of m3/2 for µ < 0, λ = 1,
λ′ = 0.5 and Min = 1018 GeV, for several values of tan β. In the right panel (Fig. 3b),
the Higgs mass is shown as a function of tan β for several values of m3/2. The predicted
value of mh is almost independent of λ
′; mh mainly depends on m3/2 and tan β as in the
minimal PGM model, and thus we can always explain the observed value mh ' 125 GeV
by choosing these two parameters appropriately. Higher m3/2 is necessary if tan β < 3.
Recall that tan β much larger than 3 is problematic without large λ because we lose the
ability to achieve rEWSB.
The mass of the LSP (lightest gaugino) is shown in Fig. 4 as a function of λ′, for
the same fixed values of λ,Min, and sign of µ used in Fig. 3. In the left panel, we fix
tan β = 3 for several choices of m3/2 whereas in the right panel, we fix m3/2 = 1 PeV for
several choices of tan β. As can be seen from Eqs. (36–38), the gaugino masses deviate
from the AMSB spectrum if c 6= 0. Depending on the value of m3/2 and tan β, there is
a critical value for λ′ such that the mass of the lightest gaugino suddenly jumps from a
value . 1 TeV to several TeV. Recall that c is calculated from the matching conditions of
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Figure 3: The Higgs mass mh as a function of (a) m3/2 for several values of tan β and
(b) as a function of tan β for several values m3/2 with λ = 1.0, λ
′ = 0.5, Min = 1018 GeV,
and µ < 0 in both panels.
the gauge couplings which depend on λ′ through MΣ. The jump in the gaugino mass seen
in Fig. 4 is due to a change in sign in c. Since c affects the gaugino masses as well, when
c changes sign, we see a rapid increase in the wino mass. An immediate consequence of
this transition is seen in Fig. 5. For low λ′, the relic density is low as one would expect
for a relatively light wino. At large λ′, the mass of the wino increases (due to the change
in c) to several TeV and therefore we see (as expected) an overdensity in the LSP. When
the sign change in c occurs, it is possible to obtain the correct relic density. The red
horizontal line shows the value of the relic density determined by Planck [23] and allows
one to read off the requisite value of λ′. Recall that at low λ′, it is possible to obtain the
correct relic density for lower values of tan β as we saw in the previous subsection.
Next, we show in Fig. 6 the lifetime of the p → pi0e+ decay channel as a function of
λ′ for fixed Min = 1018 GeV, m3/2 = 1 PeV for µ < 0. In the left panel (Fig. 6a), we
fix tan β = 2.1 and show the lifetime for several values of λ. As we expect, the lifetime
decreases as λ′ increases. The predicted lifetime is always above the current experimental
bound, τ(p → pi0e+) > 1.6 × 1034 years [86], but can be within the sensitivity of the
Hyper-Kamiokande, τ(p → pi0e+) ' 7.8 × 1034 years [87], if λ′ is O(1). The shift in the
line at λ′ ' 10−4.7 is due to a sign change in the calculated value of c which affects the
gaugino masses and gauge couplings. In the right panel (Fig. 6b), we show the lifetime
for fixed λ = 1 for several choices of tan β. For this choice of λ = 1 the discontinuity in
the curves due to the sign change of c occurs at higher λ′ ' 10−3.7.
A pair of (λ,m3/2) planes for the case with c 6= 0 is shown in Fig. 7 withMin = 1018 GeV
and µ < 0. In the upper panel, tan β = 3 and λ′ = 1. As in Fig. 2, the magenta
shaded region corresponds to parameter values where rEWSM is not possible. As we
have seen before, this constraint forces one to relatively large values of λ. For these
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Figure 4: The mass of the lightest gaugino as a function of λ′. In both panels, Min = 1018
GeV and λ = 1 with µ < 0. In (a), tan β = 3 showing the gaugino mass for several values
of m3/2. In (b), m3/2 = 1 PeV, for several values of tan β.
Min = 1018 GeV, tan β = 3, λ = 1, μ < 0
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Figure 5: As in Fig. 4, showing the relic density of the lightest gaugino given by ΩLSPh
2
as a function of λ′. The red horizontal line shows the Planck value for the relic density.
parameter choices, λ ≤ 1 remains perturbative up to the input scale, Min. The red
contours correspond to the Higgs mass in GeV. The solid green contours correspond to
the proton lifetime in units of 1035 years. For the large value of λ′ considered here, the
proton lifetime is close to but safely above the current experimental limit. Note that the
fact that the proton lifetime is longer for smaller m3/2 has to do with the fact that the
gravitino mass controls the MSSM µ parameter (through EWSB) and hence the Higgsino
masses, as well as the gaugino masses. When run up to the the GUT scale these affect
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Figure 6: The lifetime of the p → pi0e+ channel as a function of the coupling λ′ with
Min = 10
18 GeV, m3/2 = 1 PeV, and µ < 0. In (a), tan β = 2.1 and the lifetime is shown
for several values of λ. In (b), λ = 1 for several values of tan β.
the unification point and unified gauge coupling and hence the proton lifetime. The
black dotted curves show the values of c calculated from the gauge coupling matching
conditions (31–33). The blue shaded strip corresponds to the region where the relic
density falls within 3σ of the central value determined by Planck [23], which crosses the
mh = 125 GeV contour at λ ≈ 0.75. We can compare the position of the endpoint of the
relic density strip with λ = 1 with the result in Fig. 5a where we see that the horizontal
line would be crossed by a contour with m3/2 between 200 and 300 TeV in agreement with
the endpoint in this panel.
In the lower panel of Fig. 7 we show the same plane with tan β = 2.4 and λ′ = 0.001.
The Higgs masses are a bit lower, due to the decrease in tan β. We do not display the
proton lifetime contours here because the lifetime is orders of magnitude larger than the
experimental limit since λ′ is small. Notice that there are two relic density strips in this
case. In the strip with λ & 0.5, the relic density strip corresponds to a 3 TeV wino mass as
the sign of c is changing (note the proximity of the relic density strip to the c = 0 contour).
This effect was seen in Fig. 5 though for different values of tan β. When tan β < 3 as it
is here, the effect on the wino mass is greater and occurs at a lower value of λ′, The relic
density strip at low λ ≈ 0.07 is due to wino-bino coannihilation [45–47] where the LSP is
bino-like for λ < 0.07 and wino-like at larger λ. The bino (and wino) mass on the strip
with m3/2 = 200 TeV is approximately 2.1 TeV.
4.3 Models with Ka¨hler-type non-renormalizable interactions
Finally, we consider the effects of both the operators (13) and (27). In this case, the
Ka¨hler-type operators (27) also modify the gaugino mass spectrum. To show the sig-
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Figure 7: Examples of the λ-m3/2 plane for Min = 10
18 GeV, and µ < 0. In the upper
panel, tan β = 3 with λ′ = 1, and in the lower panel, tan β = 2.4 with λ′ = 0.001, The
solid red and dotted black curves show the Higgs mass mh and c, respectively. The solid
green contours in the upper panel show the value of the proton lifetime in units of 1035
years. The blue shaded region corresponds to the areas where the LSP abundance agrees
to the observed dark matter density. In the magenta region, we do not have successful
rEWSB.
nificance of this effect, in Fig. 8, we plot the gaugino masses as functions of κΣ for
Min = 10
18 GeV, m3/2 = 200 TeV, and λ = 1. The lightest (second lightest) neutralino
mass is shown by the solid purple (dashed green) line, while the blue dotted line shows
the gluino mass. In Fig. 8a, we have taken µ < 0, tan β = 3 and λ′ = 1. For κΣ = 0, the
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wino is the LSP, which is replaced by the bino for κΣ & 0.1. For κΣ & 0.6, the gluino
becomes the LSP and thus large values of κΣ are phenomenologically disfavored. Near
the cross-overs at κΣ ' 0.1 and κΣ ' 0.6, the bino LSP is degenerate with the wino
and gluino in mass, respectively, and therefore we expect that coannihilation [88] is quite
effective. Indeed coannihilations with gluinos has been studied at length [11, 46, 48–51]
and allows LSP masses significantly higher than wino or bino masses in the absence of
coannihilation.
Min = 1018 GeV, tan β = 3, m3/2 = 200 TeV, 
             λ = 1, λ‘ = 1, μ < 0
Min = 1018 GeV, tan β = 3, m3/2 = 200 TeV, 
             λ = 1, λ‘ = 1, μ > 0
Min = 1018 GeV, tan β = 3.5, m3/2 = 200 TeV, 
   λ = 1, λ‘ = 1, μ < 0
Min = 1018 GeV, tan β = 3, m3/2 = 200 TeV, 
       λ = 1, λ‘ = 0.001, μ < 0
Figure 8: Gaugino masses as functions of κΣ for Min = 10
18 GeV, m3/2 = 200 TeV and
λ = 1. In (a) µ < 0, tan β = 3 and λ′ = 1; (b) µ > 0, tan β = 3 and λ′ = 1; (c) µ < 0,
tan β = 3.5 and λ′ = 1; (d) µ < 0, tan β = 3 and λ′ = 0.001.
As seen in Fig. 8b, where we have take µ > 0, the sign of µ plays only a small role,
affecting mainly the wino mass (at tan β < 3 this effect becomes more pronounced). In
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Fig. 8c, we consider tan β = 3.5 with µ < 0 and is very similar to the case with tan β = 3.
In Fig. 8d, we have taken λ′ = 0.001. While the wino and bino masses are increased
slightly, the gluino mass is decreased, and becomes the LSP at lower κΣ ≈ 0.42. We also
see a sharp decrease in the wino mass due to the effect of a sign change in c, already seen
in Fig. 4.
In Fig. 9a, we show a κΣ-m3/2 plane for sign(µ) < 0, tan β = 3, Min = 10
18 GeV,
and λ = λ′ = 1, where the Higgs mass mh and the proton lifetime τ(p → pi0e+) are
plotted in units of GeV and 1035 years in the red and green solid curves, respectively. The
black dotted curves indicate the values of c (recall again that c is calculated when λ′ is
specified). The thin blue shaded region shows the areas where the LSP abundance agrees
to the observed dark matter density to within 3σ. In the brown shaded region, the LSP is
gluino and thus is phenomenologically disfavored. The gaugino masses for this case with
m3/2 = 200 TeV were shown in Fig. 8a. We see that there are two regions where both the
dark matter density and the Higgs boson mass are explained. The region with κΣ ' 0 is
quite similar to that discussed in Sec. 4.2, and thus the LSP is wino-like. On the other
hand, in the region where κΣ ' 0.6, the correct relic abundance of the LSP is achieved
via bino-gluino coannihilation [11, 46, 48–51]. From Fig. 8a, we see that bino and gluino
masses for this choice of parameters is about 4 TeV and may be just beyond the current
reach of the LHC.11 In these regions the proton lifetime is predicted to be & 1035 years;
to probe this, therefore, we need at least 10-years (15-years) run at Hyper-Kamiokande
with a 372 kton (186 kton) detector [87].
In Fig. 9b, we show the same plane with µ > 0. Comparing panels (a) and (b) of
Fig. 9, we find that they are nearly identical except for the relic density strip at low κΣ.
When κΣ is small, the LSP is a wino-like and more sensitive to the sign of µ. For µ > 0
and a given gravitino mass, the wino mass is lower (relative to the case with µ < 0),
and we require a higher gravitino mass to obtain the same wino mass and hence relic
density. This allows us to obtain the correct relic density with a Higgs mass closer to the
experimental value of 125 GeV. In Fig. 9c, we show the same plane with tan β = 3.5. The
only significant change is the value of mh which is roughly 2 GeV higher, making it easier
to satisfy simultaneously the correct Higgs mass and relic density. The proton lifetime is
hardly affected by the increase in tan β. Finally, in Fig. 9d, we show the same plane as in
panel (a) with λ′ = 0.001. The lower value of λ′ causes a drop in the LSP mass (see e.g.
Fig. 4) requiring an increase in the gravitino mass to obtain the same relic density. As
expected from Fig. 8d, we see that the region excluded because the gluino is the LSP is
larger extending down to κΣ ∼ 0.4. In this case, the proton lifetime greatly exceeds the
experimental lower limit and no lifetime contours are shown. The other change apparent
11In this case, the gluino tends to be metastable because of the mass degeneracy between the bino
and the gluino as well as some of the heavy sfermion masses. Such a gluino can efficiently be probed
in displaced-vertex (DV) searches [51], while the sensitivity of the ordinary gluino searches based on the
hard jets plus missing energy signals get worse due to the mass degeneracy. Currently, the most stringent
bound is given by the ATLAS DV search based on the 32.8 fb−1 data of the 13 TeV LHC: mg˜ > 1550–
1820 GeV for ∆m = 100 GeV (∆m denotes the mass difference between gluino and the LSP) depending
on the gluino lifetime [89]. This reach can be extended to ∼ 2 TeV in the HL-LHC or up to 10 TeV in a
100 TeV collider. [90].
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Figure 9: Examples of κΣ-m3/2 planes for Min = 10
18 GeV and λ = 1. In (a) µ < 0,
tan β = 3 and λ′ = 1; (b) µ > 0, tan β = 3 and λ′ = 1; (c) µ < 0, tan β = 3.5 and λ′ = 1;
(d) µ < 0, tan β = 3 and λ′ = 0.001. The red and green solid contours correspond to
the Higgs mass mh and the proton lifetime τ(p→ pi0e+) in units of GeV and 1035 years,
respectively. The blue shaded region shows the areas where the LSP abundance agrees with
the observed dark matter density. In the brown shaded region, the LSP is colored. The
black dotted lines show the value of c.
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in panel (d) is the change in the value of c and one even sees a contour with c = 0 in the
lower left corner of the figure. There is also a relic density contour which appears at large
κΣ and low m3/2. As one can see from Fig. 8d, as κΣ increases the gluino mass decreases.
For low m3/2 as in the right hand corner of this panel, the gluino mass passes through
0 and becomes large again and for κΣ > 0.8 there is another possibility for bino-gluino
co-annihilation (though mh ≈ 121 GeV here).
When κH 6= 0, the contribution to m2H as given in Eq. (24) makes it difficult to
achieve rEWSB. In Fig. 10, we show an example of a κH-m3/2 plane for tan β = 3,
Min = 10
18 GeV, λ = λ′ = 1, µ > 0. Indeed when |κH | is large, rEWSB is not attained as
seen by the magenta shaded region. We see that for this choice of parameters, the relic
density strip fall right about at mh = 125 GeV. In this example, the proton lifetime is
rather long, and is greater than 1035 over much of the plane.
m 3
/2 (
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Min = 1018 GeV, tan β = 3, λ = 1, λ‘ = 1, μ > 0
κH
Figure 10: Example of a κH-m3/2 plane for tan β = 3, Min = 10
18 GeV, λ = λ′ = 1,
µ > 0. The red and green solid contours correspond to the Higgs mass mh and the proton
lifetime τ(p→ pi0e+) in units of GeV and 1035 years, respectively. The blue shaded region
shows the areas where the LSP abundance agrees to the observed dark matter density. The
black dotted lines show the value of c.
Finally, in our last set of examples, we consider the effects of κH¯ . In Fig. 11, we show
a pair of κH¯-m3/2 planes for Min = 10
18 GeV, λ = λ′ = 1, µ > 0. In the left panel,
tan β = 3 and in the right panel tan β = 3.5. In the orange shaded regions the LSP is
a wino, whereas elsewhere it is a bino. Once again the proton lifetime is rather large
and is greater than 1035 over much of the plane. The Higgs mass increases by almost 2
GeV in the right panel. The relic density strip at κH¯ . −1 is produced by wino-bino
co-annihilations, whereas at larger κH¯ it is simply a wino LSP with mass near 3 TeV.
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Figure 11: Examples of κH¯-m3/2 planes for sign(µ) > 0, (a) tan β = 3, and (b) tan β = 3.5
with Min = 10
18 GeV, and λ = λ′ = 1. The red and green solid contours correspond to
the Higgs mass mh and the proton lifetime τ(p→ pi0e+) in units of GeV and 1035 years,
respectively. The blue shaded region shows the areas where the LSP abundance agrees to
the observed dark matter density. The black dotted lines show the value of c. The orange
regions is for a wino LSP and the white has a bino LSP.
5 Conclusion and discussion
While the LHC has nearly closed the door on “low” energy supersymmetry due to the
absence of new (colored) scalars or fermions with masses below ∼ 1 TeV, we are left
with 2 nagging questions: Is supersymmetry a part of nature? and if so, at what scale
is it manifest? Of course, the simplest way to definitively answer the first question, is
through discovery, and barring good fortune at future runs of the LHC or its successor,
both questions will be difficult to answer. Nevertheless, supersymmetry above the TeV
scale may still have important consequences on nature, such as providing a dark matter
candidate and affecting proton decay. Like anomaly mediated supersymmetry breaking,
pure gravity mediation contains massive scalars with gaugino masses of order 1 to several
TeV. In PGM, the scalars are invariably very heavy - of order the gravitino mass which
is typically 0.1 – 1 PeV.
In constructing any top-down model, one must specify the scale at which supersym-
metry breaking is introduced. In the CMSSM and similar models, this is usually chosen
to be the GUT scale, ie. the same scale at which gauge coupling unification occurs. While
there is no fundamental argument for this assumption, it does remove one free parameter,
making the model as constrained as possible. If the supersymmetry breaking input scale
lies above the GUT scale, the theory and low energy spectrum becomes sensitive to GUT
scale parameters, such as the SU(5) Higgs self-couplings. In addition, higher order GUT
operators may no longer be negligible and may also affect the low energy theory.
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In relaxing the assumption of GUT scale universality, one may, if the input scale
is above the GUT scale, change the boundary conditions at the GUT scale. In effect,
this allows us to start with mass universality at Min and through renormalization group
evolution, arrive at non-universal masses at the GUT scale for the scalars. In the absence
of higher order operators, the gaugino mass spectrum is unaffected by running above the
GUT scale as seen in Eq. (39). Scalar non-universality has an important effect on the
Higgs soft masses in PGM which allows us to free up tan β. In anomaly mediated and
PGM models, the gaugino mass spectrum is directly related to the coefficients of the one-
loop beta functions. This leads to the lightest gaugino and hence LSP being a wino. As a
consequence, to obtain the correct relic density, the lightest gaugino must have a mass of
∼ 3 TeV, which in turn fixes the gravitino mass. In the superGUT version of PGM, the
hierarchy of gaugino masses can be altered when the effects of higher order operators are
considered. These higher dimensional operators generate A- and B-terms of order m3/2.
A- and B-terms this large give an order one correction to the matching conditions for
the gauginos. This large deviation in gaugino matching conditions can lead to a bino or
gluino LSP. At the boundaries between these regions with different LSP’s, coannihilation
is active and the bino can be a viable dark matter candidate.
The higher dimensional operators also affect the gauge coupling matching conditions.
As a result, the masses of the GUT scale gauge and Higgs bosons can be altered with
strong effects on the proton lifetime.
In this work, we have sampled a variety of superGUT PGM models with and without
the effects of higher order operators. GUT scale PGM is highly constrained. It has two
free parameters, m3/2 and tan β (when GM terms are included) and while possible, the
parameter space with the correct relic density and Higgs mass is severely limited. In the
superGUT PGM, it is relatively easy to find a viable parameter space so long as the Higgs
coupling λ is relatively large. This is largely due to the addition of two new parameters,
the supersymmetry breaking input scale, Min and the coupling λ.
At scales at or above the GUT scale, non-renormalizable, Planck-suppressed operators
may play a role in the low energy spectrum. Among these we considered first, an operator
coupling between the Higgs adjoint, Σ and the SU(5) gauge field strength with coupling,
we denoted as c. However, we used c 6= 0 to free up the Higgs adjoint trilinear self
coupling, λ′ which was previously constrained by GUT matching conditions. The theory
now contains 5 parameters. The non-zero coupling, c (or variable λ′) alters the anomaly
mediated gaugino mass spectrum and makes it possible to obtain a 3 TeV wino mass for
a range in gravitino masses not possible with c = 0. It is also possible to find regions of
parameter space with a bino LSP with correct relic density when bino-wino coannihilations
are active. Depending on the value of c (or λ′), the proton lifetime may be very large
(as one might expect in PGM models) or potentially observable in on-going and future
proton decay experiments when λ′ is large.
We also considered Planck-suppressed Ka¨hler corrections for the Higgs, 24, 5 and
5 representations with respective couplings, κΣ, κH , and κH . These couplings induce
shifts in the A- and B-terms and hence affect the gaugino matching conditions. They
also induce shifts in the Higgs soft masses which affects radiative electroweak symmetry
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breaking. We have seen that the coupling κΣ has a strong effect on the gaugino mass.
Even a small non-zero value for κΣ can cause mB˜ < mW˜ , and for larger values (of order 0.4
– 0.6) can lead to a gluino LSP. When the wino/bino or bino/gluino are nearly degenerate,
coannihilations may provide the correct dark matter density.
In absence of a discovery of physics beyond the Standard Model, determining the scale
of supersymmetry breaking will indeed be challenging. As the mass scales associated
with supersymmetry increase, the likelihood of direct detection also decreases. We may
be reliant on more indirect signatures such as proton decay as discussed here, or other
signatures if for example, R-parity is not exactly conserved and the LSP is allowed to
decay with a long lifetime.
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